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Abstract The character of turbulence depends on where it develops. Turbu-
lence near boundaries, for instance, is different than in a free stream. To elucidate
the differences between flows, it is instructive to vary the structure of turbulence
systematically, but there are few ways of stirring turbulence that make this possi-
ble. In other words, an experiment typically examines either a boundary layer or a
free stream, say, and the structure of the turbulence is fixed by the geometry of the
experiment. We introduce a new active grid with many more degrees of freedom
than previous active grids. The additional degrees of freedom make it possible to
control various properties of the turbulence. We show how long-range correlations
in the turbulent velocity fluctuations can be shaped by changing the way the active
grid moves. Specifically, we show how not only the correlation length but also the
detailed shape of the correlation function depends on the correlations imposed in
the motions of the grid. Until now, large-scale structure had not been adjustable
in experiments. This new capability makes possible new systematic investigations
into turbulence dissipation and dispersion, for example, and perhaps in flows that
mimic features of boundary layers, free streams, and flows of intermediate charac-
ter.
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1 Introduction
Active grids, or grids with moving parts called winglets, were invented to produce
higher turbulence intensities in wind tunnels than had been possible with classi-
cal grids, which were composed of fixed bars. Classical grids provided a platform for
studying nearly isotropic turbulence (e.g. Corrsin, 1942; Comte-Bellot and Corrsin,
1971). Pioneering active grid work used jets to increase turbulence intensity (Mathieu and Alcaraz,
1965; Gad-el Hak and Corrsin, 1974), with recent work improving the homogeneity
and isotropy of the flow (Szasza´k et al, 2018). Makita (1991) demonstrated that
active grids composed of rotating winglets could both achieve higher Reynolds
numbers and afford better flow homogeneity than classical grids.
Wind tunnel turbulence can be made homogeneous more easily than other
types of flows, which can help reveal universal aspects of turbulence. Increasing
the Reynolds number of the turbulence can be similarly enlightening. Though the
large scales of turbulence are not universal (e.g. Blum et al, 2011), the smalls scales
may be (Kolmogorov, 1941). The art of wind-tunnel experiments has therefore
been to increase the turbulence intensity, and so the Reynolds number, without
spoiling the homogeneity of the turbulence, thus revealing the universal char-
acter of the small scales. An active grid can simultaneously fulfill these objec-
tives; the pioneering work of Makita (1991) has been furthered by many sub-
sequent investigations (e.g. Mydlarski and Warhaft, 1996; Kang and Meneveau,
2008; Cekli and van de Water, 2010; Knebel et al, 2011; Thormann and Meneveau,
2014).
Active grids promise not only to produce higher Reynolds numbers than other
grids but also to afford additional measures of control over the properties of the
turbulence. Because active grids have moving parts, and thus a variable geome-
try, the positions of the different parts and the way they move relative to each
other determine the patterns in the flow through the grid. Deliberately varying
the active-grid geometry and motion may make it possible to vary not only the in-
tensity of the turbulence but also the extent to which fluid motions are correlated
across the tunnel, the degree to which the turbulence is homogeneous or inho-
mogeneous, and the degree to which it is isotropic or anisotropic. Many of these
opportunities have been explored and reported in the literature, and a review of
some of this work appears in Mydlarski (2017).
These advances in active grid design have led to progress in various multi-
physics and application areas such as particle transport in turbulence (Ayyalasomayajula et al,
2006; Saw et al, 2012; Warhaft and Shen, 2002; Siebert et al, 2010; Obligado et al,
2015; Gerashchenko and Warhaft, 2013), turbulence with a mean temperature gra-
dient (Gylfason and Warhaft, 2004), and the atmospheric boundary layer interact-
ing with a wind turbine array (Cal et al, 2010; Wa¨chter et al, 2012; Maldonado et al,
2015). Precise recreation of the atmospheric boundary layer requires that the ex-
perimenter control the mean profile across the wind tunnel. Zhou and Venayagamoorthy
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(2019) have computationally shown that a sequence of stationary cylinders can be
used to tailor the profile of the mean flow. Hearst and Ganapathisubramani (2017)
have used an active grid to create various mean flow profiles. Many other contri-
butions are reviewed in Mydlarski (2017).
In these previous studies, the active grids were composed of rows and columns
of winglets which were attached to the same axis and moved together. Typically
there are about 10 rows and 10 columns, for a total of about 20 degrees of freedom
for the grid (Shen and Warhaft, 2000; Kang et al, 2003; Knebel and Peinke, 2009;
Cekli et al, 2010; Varshney and Poddar, 2011; Wa¨chter et al, 2012; Weitemeyer et al,
2013; Hearst and Lavoie, 2015; Thormann and Meneveau, 2015). This limitation
exists even for very large active grids, such as that of Larssen and Devenport
(2011), which spans 2.14m and has only 20 degrees of freedom. In contrast to
these designs, the grid we designed and built has an order of magnitude more de-
grees of freedom. This increase was achieved by using 129 individual servo motors
– one for each winglet – instead of a single motor to control each row or column
of winglets.
In this paper, we first describe this new type of active grid. We then explain
how we varied turbulence properties by programming the motions of the grid. In
some cases our results are more convincing than in others; in all cases we believe
they suggest interesting future work. For instance, we found that increasing the
amplitude of the motions of the winglets causes the turbulence intensity of the flow
to increase. While this result is more or less intuitive, it may be less obvious that
adding correlations to the random motions of the winglets causes the turbulent
fluid motions to be more correlated with each other, even far downstream of the
grid. We also show how the turbulence can be made more or less isotropic by
varying the balance between spatial and temporal correlations in the motions
of the winglets. Substantial control of isotropy has so far been reported only in
Chang et al (2012) and Bewley et al (2012) using a soccer-ball apparatus with a
negligible mean flow.
1.1 List of Symbols
u, v Streamwise and transverse velocities
u′ Root mean square (RMS) of the velocity fluctuations u− U
U Mean of the streamwise velocity u
T ∗ Ratio between time scales of grid and fluid motions
θ(t, y, z) Angle of a winglet at time t and position (y, z) on the grid
utip Tangential velocity of the tip of a winglet
Rgrid(t, y, z) Winglet angle autocorrelation
lgrid Characteristic length scale of the winglet autocorrelation
M Grid spacing, 115 mm
r Correlation distance in the x (streamwise) direction
Ruu(r) u-velocity autocorrelation
L Integral length scale, computed from Ruu
λ Taylor microscale
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Fig. 1 The open wind tunnel is composed of a fan, conditioning honeycombs, the active grid,
and a 9.4-m test section.
ν Kinematic viscosity of air
Reλ Turbulence Reynolds number, u
′λ/ν
ζgrid, ζflow Shape parameters for characterizing correlation functions of
the grid and of the flow
Igrid Winglet anisotropy coefficient, ratio of the sizes of the winglet
correlation kernels in the spatial dimension over that of the
temporal dimension
x0 Virtual origin of energy-decay power-law fit
2 Experimental Setup
The design of the active grid detailed in this work is addressed in this section. First,
since the grid was intended for use in a pressurized sulfur-hexafluoride tunnel, a
detailed description of the considerations behind the construction of the grid is
given. Then, the control algorithms developed for generating turbulence with the
grid are explained. In order to demonstrate the turbulence-control capabilities of
the active grid and its control protocols, the experiments presented in this paper
were conducted in another wind tunnel. Thus, the setup and instrumentation used
in this wind tunnel are documented as well.
2.1 Mechanical design of the active grid
Though the results presented in this paper were obtained in a standard open-
return wind tunnel, we designed our grid to operate in the Variable Density and
Turbulence Tunnel (VDTT) (Bodenschatz et al, 2014), which imposed significant
constraints on the design of the grid. The VDTT circulates pressurized sulfur hex-
afluoride, which is heavy – its mass density at 15 bar of 0.1 g/cm3 is closer to water
than to air. Though the tunnel is a low-speed tunnel, operating at up to 5m/s,
the high density produces large forces on the grid and large torques on the servo
motors relative to those experienced by an active grid in air. The tests presented
in this paper, however, were not performed in the VDTT. The grid was instead
installed in the Prandtl tunnel (see Reichardt, 1938; Kastrinakis and Eckelmann,
1983), shown here in Fig. 1. The objectives of our active-grid design were to gen-
erate high Reynolds-number turbulence, to be sufficiently durable that all desired
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experiments could be performed, to produce turbulence that could be approxi-
mately homogeneous and isotropic if desired, and to allow variation of the tur-
bulence properties – to make the turbulence inhomogeneous and anisotropic, for
instance.
Active grids are composed of moving winglets. In principle, any tessellation
of the plane can serve as a pattern for winglet shapes. These include squares or
hexagons rotating about any of their symmetry axes, or other parallelepipeds. The
active grid shown in Makita (1991) was composed of diamond-shaped winglets.
Thormann and Meneveau (2014) observed the effects on the flow of different frac-
tal shapes inscribed within the diamond-shaped outline. We employed the simple
solid diamond shape as in the original Makita design because it is simple and we
did not know of any evidence, and could not think of any argument, for why the
outline of the grid winglets should substantially influence the properties of the
resultant turbulence.
There are two competing design objectives regarding turbulence length scales.
First, in order to produce the highest Reynolds numbers, the scale at which the
grid produces turbulence needs to be as large as possible. For the VDTT, the
maximum length is given by the width of the wind tunnel, 1.5m. The second
objective, in contrast, is to produce a uniform flow in the center of the tunnel that
evolves without interacting with the boundaries, which requires that the scale of
the turbulence be much smaller than the width of the tunnel. These competing
design objectives motivated our design, which allows a user to specify the extent
to which motion of the winglets are correlated. The idea is that a user can vary the
length scale of these correlations to generate turbulence at a range of prescribed
scales.
According to the standard for classical grids, the spacing of the grid should be
at least ten times smaller than the width of the wind tunnel. Under this constraint,
the grid spacing was optimized to minimize the difference between the dimensions
of the array of winglets and each dimension of the octagonal test section in the
VDTT. There was no exact solution, but among several minima a spacing of M
= 115mm was chosen somewhat arbitrarily. Dividing the width and height of
the tunnel by this dimension results in an array of winglets with 11 rows and 13
columns.
The test section of the VDTT has an unusual eight-sided cross section1 that is
1.5m wide and 1.3m high, as illustrated in Fig. 2. The octagonal shape requires
that the corners of the 13× 11 array be omitted, so that there are 129 winglets as
shown in Fig. 2.
On most previous grids the rotation of the winglet axes were speed-controlled,
with the direction of rotation changing at random intervals. Such grids are eas-
ier to design and build. Our grid, like the one described in Cekli et al (2015), is
position-controlled. Cekli et al (2015) shows how position control can shape the
mean velocity profile to keep the velocity constant across the width of the tunnel
or to produce a mean shear as desired. In our grid, we take advantage of position
control to adjust the positions of winglets with respect to each other. Position
1 An eight-sided cross section was chosen by the designer to maximize the area available to
the flow within the circular cross section of the VDTT pressure vessel, while allowing equipment
to be installed between the wall of the test section and the wall of the pressure vessel
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Fig. 2 The active grid viewed from downstream, inside the octagonal test section. 129 of the
winglets shown in Fig. 3 form an octagonal grid. The octagonal section profile was chosen to
match that of the VDTT. In this image, the position of the winglets are spatially correlated:
closed winglets tend to be near other closed winglets, and open winglets tend to be near other
open ones. The velocity-probe holder is visible in the foreground of this image (lower right).
The width and height of the test section are 1.5 m and 1.27 m, respectively.
control also enables our motion-control algorithms to adjust the blockage that the
grid presents to the oncoming flow.
An active grid can be thought of as an intricate butterfly valve. If the winglets
move collectively from the open to the closed position while the mean wind speed
is fixed, the grid generates a larger pressure drop. This larger pressure drop corre-
sponds to both higher turbulence intensities and to a larger force needed to hold
the grid in place. This force can be estimated by treating the grid analytically
as a perforated plate when it is closed, as well as by reviewing the performance
of commercial butterfly valves and perforated plates. For our grid, the maximum
blockage of 80% was selected so that the force generated by the grid, about 40 kN,
would not break the wind tunnel, as determined by computer modeling of the
stresses in the wind tunnel structure.
To select appropriate servo motors, we needed to estimate the aerodynamic
torque on each winglet at different angles with respect to the flow. The winglets
were diamond-shaped with a diagonal of 150mm and were rotated about one
of their diagonals on an axle. Thus, each winglet can be thought of as a delta-
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shaped wing that produces lift at small angles of attack and stalls as the angle is
increased. Dimensional arguments produce an estimate for the maximum torque
on the winglet: τmax = CτρU
2M3, which is reached just before the winglet stalls.
Here, Cτ is a dimensionless coefficient, ρ is the density of the air, U is the mean
speed of the wind, and M is the spacing of the grid. An estimate of the RMS
torque experienced by the winglet as it rotates is about 2/3 of the maximum
torque, under the assumption that the winglet visits every angular position with
equal probability.
Simple experiments indicated that the torque coefficient, Cτ , was about 0.15
and was constant over the range of winglet Reynolds numbers between about
20,000 and 120,000 that we tested. The tests were performed in the Warhaft Wind
and Turbulence Tunnel at Cornell University (Yoon and Warhaft, 1990). To do
the experiments, we measured the torque on an individual winglet. The torque
was measured by resting a lever arm connected to the axle on a digital scale. We
measured the torque on the winglet for various angles of the winglet with respect
to the flow, and for various flow speeds. At each flow speed, the torque on the
winglet increased steadily with its angle relative to the flow from zero until the
winglet stalled. After stalling, the torque decreased to zero again until the winglet
was perpendicular to the flow, as expected.
An active grid produces turbulence when it is static, but the motions of
the winglets also contribute to the turbulence. Indeed, Thormann and Meneveau
(2014) used winglets of different shapes and sizes at different positions on the grid
to show how a gradient across the tunnel in the number and size of the winglets
can introduce a shear-free gradient in the turbulence intensity downstream of the
grid.
A time scale characterizing the grid motion is the time Tg it takes for a winglet
to move from a position parallel to the flow to one where it is blocking the flow. This
is a measure of the time it takes for the grid to change shape, as seen by the flow.
The characteristic time of the energy-containing scales of the turbulence is given by
TL = L/U , where L is the correlation length associated with u
′. We compare the
two time scales by their ratio T ∗ = Tg/TL. Similar parameters have been proposed
in Shen and Warhaft (2000), in Mydlarski (2017), and in Poorte and Biesheuvel
(2002).
In the case that T ∗ > 1, the grid moves more slowly than the turbulence, and
the resulting turbulence evolves through a series of a quasi-steady states deter-
mined by the set of the winglet positions. When T ∗ < 1, the grid is faster than the
turbulence, and the flow might not respond to the instantaneous spatial structures
imprinted by the winglet configurations. In this regime, the correlation length of
the flow is probably given by the winglet size, and not by the correlation length in
the winglet positions. Therefore, we argue that if we wish to dynamically control
the forcing scale of the turbulence, then the ratio of the grid time scale to the
flow time scale should be close to one. To explore this relationship between T ∗
and the turbulence in experiments, then, we would like to achieve values of T ∗
significantly less than one – that is, at the maximum rotation rate of the winglets,
the grid should be able to respond more quickly than the flow. The active grids
used in Garg and Warhaft (1998), Thormann and Meneveau (2014), and Makita
(1991) are characterized by time scales comparable to the large eddy turnover
time, TL. The grid in the Netherlands is about ten times faster (Cekli et al, 2015).
One purpose of the data we present below is to support these arguments.
8 K. P. Griffin, N. J. Wei, E. Bodenschatz, & G. P. Bewley
Fig. 3 Several of the 129 winglets in the grid are shown. Each winglet (square plate) has a
servo embedded in it. This allows the position of each winglet to be controlled independently.
The diagonal dimension of each winglet is 15 cm.
On the basis of the above calculations and tests, we required servos that could
work against an RMS torque of about 0.5Nm. We identified servos on the hobby
market with several advantages: small packaging, so that the servos would fit
within the outline of a winglet; a computer internal to each servo to enable position
control; and prices far lower than for specialized industrial servo motors due to
the economies of scale as mass-produced consumer products.
As Fig. 3 shows, each winglet was square and rotated on its diagonal up to 90◦
in either direction from the open orientation. A 3D rendering of the servo-winglet
assembly is given in Fig. 21 of Bodenschatz et al (2014). The winglets could rotate
90◦ in about 0.23 s.
We tested several hobby servos from each major manufacturer. The servos
were placed in a jig and made to work against a coil spring that supplied the
equivalent of the anticipated maximum aerodynamic torque. The servos pulled
against the spring about twice per second repeatedly, until the servos failed. The
Futaba BLS152 servo motors survived far longer than any other servo on the
market. The tests, however, revealed that when the BLS152 servos did fail, they
failed where plastic gears on the high-speed side of the gear train turned low-speed
gears made of metal. The plastic gears in the gear train were therefore replaced
by hand with metal gears supplied by Futaba.
The active grid was supported by a backbone composed of a lattice of steel
channels, seen as diagonals in Fig. 2 and Fig. 3. The lattice forms a classical grid
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with negligible blockage compared to the active grid it supports, as the projected
area of the winglets exceeds that of the lattice even at small winglet angles. The
channels had covers and served as conduits for the wires that powered the servos
and for those that carried the position signals. The steel lattice also supported
an array of posts; each held the axles of four winglets. The array of winglets was
about 15 cm downstream of the steel lattice.
The winglets consisted of a cage that supported the servo, so that each servo ro-
tated along with its own winglet as shown in Fig. 3. The servo cage was designed to
be the minimal structure mechanically necessary, and was made of CNC-machined
aluminum. Fins could be attached to make the winglet diamond shaped, as in the
original Makita grid; fins with other shapes could also be attached but have not
yet been tested. No effort was made to make the winglet aerodynamic or stream-
lined, as the purpose of the grid was to produce turbulence. The winglets were,
however, made as thin as possible in order to maximize the difference of their ef-
fect on the flow between their open (0◦) and closed (±90◦) positions. This winglet
structure was tested for strength with static weight far in excess of the expected
aerodynamic pressure and did not fail.
2.2 Electrical design of the active grid
The grid was powered by a rack of power supplies operating at 6V, with a total
of about 6 kW of available power. Each servo had its own dedicated 7.5A fuse
between it and its power supply. To simplify the design and avoid the use of slip
rings, the wires for each servo were wrapped around the axle of the winglet about
four times. As the winglets rotated, the wires wrapped and unwrapped.
The servos responded to pulse-width modulated signals synthesized by two
SD84 servo control boards manufactured by Devantech Limited. The SD84 boards,
in turn, took instructions via USB from an Apple MacBook, for which we developed
computer software that we describe below.
2.3 Principles of the control algorithm
The motions of the individual winglets in our grid were correlated with each other,
and the properties of the correlations could be varied by the user. Correlations
between the winglets were introduced by convolving a kernel with an array of
randomly-generated angular positions, one for each winglet on the grid. This pro-
cedure produced constantly changing but correlated winglet positions. In more
detail, a three-dimensional matrix A of random winglet angles was convolved with
a correlation kernel K in order to calculate a set of angles, θ, so that
(1)
θ(t, y, z) =∫
K(t′, y′, z′)A(t− t′, y − y′, z − z′)dt′dy′dz′.
Here, y and z correspond to orthogonal directions in the plane of the grid, and t
corresponds to time. In practice, the angles for each winglet were spaced in time
by 0.1 s. Fig. 2 shows a picture of the grid in the midst of motion produced by this
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method, with regions of highly correlated winglets readily apparent throughout.
More views are given in Fig. 21 of Bodenschatz et al (2014).
The correlations between winglets as a function of displacements along the
streamwise and normal directions, with respect to a given reference winglet located
at (t0, y0, z0), could be calculated according to
Rgrid(t, y, z) =
〈θ(t, y, z)θ(t0, y0, z0)〉
〈θ(t0, y0, z0)2〉
, (2)
where θ is the angular position of a winglet and Rgrid is the normalized correlation.
The angle brackets indicate a time average over the duration of an experiment.
The size and shape of the kernel, K, determines the shape of the winglet
correlation function, Rgrid. In Sec. 3 we demonstrate that varying the shape and
size of the winglet correlation functions, that is, varying the resulting grid motion,
alters various turbulence properties.
We used two different classes of kernels to generate two types of winglet corre-
lation functions. One kernel was a simple boxcar with a certain width, which we
called a “top hat,” and the other was a superposition of two boxcars with different
widths and heights, which we called a “long tail” because it consisted of a narrow
boxcar filter with filter height 1 superimposed on a wide boxcar with filter height
< 1. This wide boxcar is referred to as the tail of the correlation. Fig. 4 shows
the winglet correlation shapes that result from the autocorrelation of the boxcar
(pink) and the long tail (green and blue) kernels. The presence of the tail in the
long tail leads to a steeper slope near the reference winglet and a more gradual
slope at large correlation distances. These kernels were applied to the streamwise
(t) and normal (y and z) components of the flow with separate correlation dis-
tances, so that the isotropy of the grid correlations (i.e. streamwise vs. normal
correlation lengths) could be controlled.
The wide range of correlations that the active grid could produce necessitates
the definition of parameters for describing the shape and size of these winglet
correlations.
The characteristic length scale of the winglet correlation is given by an integral
length scale, which is defined as
lgrid = U
∫ ∞
0
Rgrid(t, 0, 0) dt. (3)
lgrid is referred to as the winglet correlation length, and it represents the charac-
teristic distance over which winglet motions were correlated. The effects of this
length scale of the grid on the length scales of the flow are discussed in Sec. 3.2.
Time can be nondimensionalized by the grid correlation timescale, such that
nondimensional time t∗ = tU/lgrid.
The difference in shape of these three autocorrelations can be quantified by
defining a shape parameter
ζgrid = −2
∂Rgrid
∂t∗
∣∣∣
t∗=ǫ
, (4)
where ǫ indicates that the slope of the derivative is evaluated at a small nondimen-
sional time. Physically, this shape parameter indicates how sharp the correlation
function is at small correlation times and how broad the tail of the correlation is
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Fig. 4 This plot shows the correlations between the angular displacement of an arbitrary
winglet and its future and past displacements. The three curves illustrate that the shape of
such winglet correlations can be controlled.
at large correlation times. When comparing two correlations with the same lgrid,
the one with a larger shape parameter has a more diffuse correlation, and the
other has a more compact correlation. A boxcar kernel has a linear autocorrela-
tion, so ζgrid = 1 for a boxcar autocorrelation. For long tails, ζgrid > 1. This shape
parameter may not be a general scaling parameter for all possible kernels, but
it quantifies important differences between correlations produced by our various
long-tail and boxcar kernels.
The effects of the shape parameter on the shape of the velocity correlation
functions of the turbulence produced downstream of the grid are discussed in
Sec. 3.3.
We developed two types of codes: codes that fixed the projected area (block-
age) of the grid over time, and codes that did not constrain it. We observed no
differences in the statistics that we report between the flows produced by these
codes, and thus used the simpler code, in which the blockage was not constrained.
The average blockage was between 0.1 and 0.2 across all experiments (0 and 1 cor-
respond to unblocked and fully blocked, respectively). For any given experiment,
the fluctuation in blockage was about 0.05.
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2.4 Instrumentation
In order to evaluate the degree to which correlated grid motions can influence
turbulence properties, we collected time-series data of the flow velocity downstream
of the active grid. Hot-wire probes were used to measure the flow velocity. A probe
was mounted on two ISEL electronic traverses that traveled along the two spanwise
dimensions of the tunnel. A custom traverse with a hand crank was used to move
across the streamwise dimension of the tunnel. The data presented herein are taken
with a single probe located at the center of the cross section of the tunnel, in order
to avoid interference from the tunnel’s boundary layers.
Dantec single-wire and x-wire constant-temperature hot-wire anemometers
were used in these experiments, controlled by a Dantec StreamLine system and
digitally sampled at 20 kHz. The hot wires were 5µm in diameter and 1mm long.
Probe calibrations were performed adjacent to the experiment using a calibration
unit that produced a laminar jet, according to methods described in Browne et al
(1989); Tropea et al (2007). To account for temperature fluctuations in the exper-
imental hall, the temperature of the air exiting the tunnel was recorded at the
beginning and end of every data set. The probe voltages were corrected using the
relations described in Bruun (1995), so that temperature variations of up to 3oC
were taken into account.
2.5 Wind-tunnel setup and inflow conditions
While the active grid was designed for use in the VDTT described in Sec. 2.1, the
results presented in this paper were acquired with the grid mounted in an open-
return wind tunnel built in 1935 at the Kaiser-Wilhelm-Institut fu¨r Stro¨mungsforschung
in Go¨ttingen run by L. Prandtl and H. Reichardt (Reichardt, 1938; Bodenschatz and Eckert,
2011). The original test section of this tunnel was replaced with the present test
section, which has the same cross-sectional profile as the VDTT test section. The
dimensions are listed in the caption of Fig. 2. The 9.4-m test section was built of
aluminum sheet metal mounted to a fire-proofed wooden structure as seen in Fig.
1. The wind-tunnel fan motor ran at a constant speed and produced a constant
mean-flow velocity of approximately 1.45m/s. This velocity was employed mainly
to ensure that the ratio of grid- to flow-response times T ∗ remained below one.
The flow in the wind tunnel with the winglets of the active grid fully open was
the baseline flow in the tunnel. Movements of the grid only added to this baseline
turbulence. We measured the velocity at the center of the tunnel cross-section,
5.6m downstream of the grid. This location in the middle of the test section was
chosen to mitigate transient effects from the grid and influences from the exit of the
open wind tunnel; it also was the distance from the grid at which the turbulence
produced by the grid was most isotropic (cf. Fig. 9). From these data we calculated
the variance in the velocity signal to be 5.9× 10−4m2/s2, so that the turbulence
intensity was 1.7%. The mean flow speed was homogeneous to within about 2.5%
and the turbulence intensity to within about 5% over the middle 75% of the cross
section of the tunnel. As in Bodenschatz et al (2014), the production due to shear
is compared to dissipation by examining the quantity
production
dissipation
=
〈uv〉∂U∂y L
u′3
, (5)
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where L is the integral length scale of the flow. We find that this ratio equals
0.077± 0.06. These data suggest that production is small compared to dissipation
yet larger than was observed in Bodenschatz et al (2014).
3 Results
In this section, we show how the grid control protocols described in Sec. 2.3 can
be employed to control various turbulence parameters. The length scale, turbu-
lence intensity, and Reynolds number can be precisely controlled. The shape of
the velocity correlation function can be controlled by varying the shape of the
grid correlation function. Such control is unprecedented in the literature. The grid
affords some control over the isotropy and anisotropy of the flow, which is con-
sistent with the findings in Bewley et al (2012). Finally, we note that the changes
in the turbulence structure did not have a significant impact on the decay rate of
turbulent kinetic energy.
3.1 Turbulence intensity
The turbulence intensity decays with distance from the grid (see Sec. 3.6 for de-
tails). At a fixed distance from the grid, it is possible to vary the turbulence
intensity by means of two mechanisms. The first is by increasing the fluctuations
of the winglet angles. The second is by increasing the grid correlation length,
thereby increasing the integral length scale of the turbulence (see Sec. 3.2). Since
turbulent kinetic energy decays with distance from grid normalized by the integral
length scale, a larger integral length scale implies a higher turbulence intensity at
a fixed location.
At a distance from the grid of 5.6m, the active grid could be used to vary the
turbulence intensity in the tunnel between 1.7% (stationary winglets) and 12%, as
shown in Fig. 5.
To produce Fig. 5, we collected 10 minutes of time-resolved velocity data for
each point. For a given protocol, when the RMS amplitude of the grid’s winglet
motions was increased, the magnitude of the RMS velocity fluctuations of the
turbulence downstream of the grid increased monotonically. Since the average
angle was zero, the RMS amplitude of the grid’s winglet motions, and thus the
magnitude of the tangential velocity of the tip of the winglets utip, scaled with
〈|θ|〉. This behavior is shown in the black data in Fig. 5, and is consistent with
the capabilities of other active grids (e.g. Cekli et al, 2015). For motions with
relatively small amplitudes, the grid is essentially a classical grid with low solidity.
For larger motions, the activity of the grid dominates. This effect is further shown
in the red data in Fig. 5, in which the RMS amplitude of the winglet motions
was held constant and the length scale of the grid correlations was increased in
both the streamwise and normal directions. The mechanism for this increase in
turbulence intensity is that as the correlation length scale is increased, the length
scale over which the turbulent kinetic energy decays is increased; thus, at a fixed
location, the turbulence intensity increases as lgrid increases. In summary, Fig.
5 shows that the turbulence intensity can be varied directly by changing utip or
indirectly using lgrid.
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Fig. 5 The turbulence intensity, u′/U , is plotted against 〈|θ|〉, the average winglet amplitude.
〈|θ|〉 is varied through two mechanisms: first, by varying the tip speed of the winglets, utip, from
rest to 0.45U (shown in black). Second, when the correlation length of the flow is increased,
the effective decay distance of the turbulence decreases, so at a fixed location, the turbulence
intensity increases (shown in red).
3.2 Length scales of the turbulence
We begin by explaining how we computed the integral length scale and the Taylor
length scale. We then explain how we controlled each length scale using the active
grid.
3.2.1 Definition of the integral length scale
The integral length scale, L, is a measure of the largest scales of the turbulence. L
is defined as the integral under the velocity correlation function Ruu(r), which was
obtained by mapping temporal correlations in single-wire velocity measurements
to spatial correlations using Taylor’s Hypothesis. Since the velocity correlation
function was noisy at large correlation distances, a numerical integration of the
data was often unreliable at the tail of the correlation function. For this reason, an
exponential best fit to the data was applied in the neighborhood of Ruu(r) = 1/e.
Beyond this point, the integral under the fit, instead of the integral under the
noisy data, was computed. Linear fits were also considered, but the exponential
fit was chosen since it proved more robust to noise.
Another way to compute the length scale of large structures in the flow (e.g.
Tritton, 1988; Bewley et al, 2012) is the distance L1/e at which the velocity cor-
relation Ruu(L1/e) = 1/e. We computed both L and L1/e and found very good
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agreement, so we present L1/e since there is no fitting or extrapolation required.
We henceforth refer to L1/e as L.
3.2.2 Integral length scale variation
To demonstrate that our active grid can control the integral length scale, many
different grid forcing protocols were tested, corresponding to a wide space of ζgrid
values (discussed in Sec. 3.3). All of these protocols had matched streamwise and
normal correlation lengths, so that an increase in lgrid implied proportional in-
creases in the sizes of both streamwise and normal correlations. Independent of
shape, the integral length scale varied monotonically with the length scale of the
winglet correlations, lgrid, as shown in Fig. 6. Thus, the integral length scale could
be directly controlled by changing the parameters that describe the grid motion.
This relationship was limited by the minimum diameter of the test section. This re-
sult is significant because it means that a single apparatus can generate turbulence
at a range of different scales.
3.2.3 Taylor microscale variation
The Taylor microscale, λ, is of interest since it is the length scale associated with
the fluctuating rate of strain tensor and it is used to compute the turbulence
Reynolds number, Reλ = λu
′/ν. To calculate this scale, a concave-down parabola
was fitted to Ruu(r) for small r (0 ≤ r ≤ 0.01L), and the Taylor microscale was
given by the r-intercept of this parabola.
Like the integral length scale, the Taylor microscale varies monotonically with
lgrid (shown in the inset of Fig. 6), demonstrating that the kernel size could be
used as an input parameter to control the magnitude of the Taylor microscale,
and thereby control the turbulence Reynolds number in a systematic manner. This
allowed us to keep the Reynolds number constant while changing other parameters
about the grid motion. This capability is demonstrated in Fig. 7 where flows with
vastly different correlation functions but similar Reynolds numbers are generated.
3.3 Control of the velocity correlation functions
Beyond controlling the size of generated turbulent structures, the active grid can
control the shape of these structures. To assess this experimental capability, we
conduct an investigation of the effect of shape of the grid motion correlations on
the velocity correlation functions of the turbulence generated downstream of the
grid. A series of long-tail and top-hat correlations were applied to the grid.
Each velocity correlation function was computed from velocity measurements
at the same location, sampled at 20 kHz. In addition, leveraging the grid’s control
over u′ and λ, the turbulence Reynolds number was held approximately constant
(see caption of Fig. 7 for details). Two top-hat and four long-tail correlations are
considered in Fig 7. The velocity correlation functions were normalized by each
data set’s integral length scale, in order to compare the shape and not the size of
the velocity correlations. The 1/e definition of the integral scale (see Sec. 3.2.1)
is convenient for this purpose to ensure all correlations go through the point (1,
1/e).
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Fig. 6 The integral length scale, L/M , is plotted in blue against the characteristic correlation
length of the winglet forcing protocol, lgrid/M . For small lgrid/M , the correlations are governed
by the size of each winglet in the grid. For large lgrid/M , the correlations are limited by
boundary-layer effects from the size of the tunnel (denoted on the plot as wtunnel
2
, where
wtunnel is the tunnel’s minimum diameter). The Taylor length scales for the same data, λ/M ,
are shown in green on an inset figure, showing that λ follows a similar trend as L (u′ is not
fixed so λ2 6∼ L).
To parameterize the results in Fig. 7, we define a shape parameter for the
velocity correlations,
ζflow =
∫
r
L
Ruu(r/L)d(r/L), (6)
which is the first moment of the velocity correlation function. Therefore, a larger
value of ζflow indicates a more diffuse correlation function (more power-law-like
such as the green functions in Fig. 7) and a smaller value of ζflow indicates a more
compact correlation function (more exponential such as the magenta curves in Fig.
7). This interpretation of ζflow for characterizing velocity correlations is consistent
with the interpretation of ζgrid for interpreting winglet correlations (see Sec. 2.3).
The winglet correlations tested were indeed three dimensional, but both ζgrid
and ζflow are parameterizations of a single dimension of the correlation functions.
Thus, three-dimensional parameters may afford even more precise control of ζflow.
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Fig. 7 Velocity correlation functions for flows resulting from different winglet forcing pro-
tocols. Reλ was kept approximately constant as the correlation shape and size were varied.
Irrespective of Reλ and integral length scale L/M , the correlation functions normalized by
integral length scale collapse into three groups, where each group corresponds to a different
winglet correlation shape, (ζgrid). The magenta forcings with ζgrid = 1 lead to exponential-like
velocity correlations. The green forcings with the large ζgrid lead to power-law velocity corre-
lations. The blue forcings of intermediate ζgrid lead to intermediate velocity correlations. In
each group, there is one correlation function with smaller L and one with larger L, showing
that the changes to the velocity correlation functions are independent of length scale. For the
green curves, Reλ = 215 ± 19. For the blue curves, Reλ = 173 ± 23. For the magenta curves,
Reλ = 225 ± 10.
Fig. 7 illustrates that the shape of the velocity correlation function down-
stream of the grid is determined by the grid control parameter ζgrid, which the
experimenter uses to control the shape of the winglet correlation. Irrespective of
L and of small changes in Reλ, the velocity correlations fall into three groups: the
magenta exponential-like correlations that have ζgrid = 1, the blue intermediate
correlations that have intermediate ζgrid, and the green power-law-like correlations
that have large values of ζgrid. The shape of the correlation (exponential-like or
power-law-like) is quantified through the correlation shape parameter ζflow. Fig. 8
establishes that the three color groups that appeared in Fig. 7 indeed have similar
shape. The additional data points in Fig. 8 (in black) further the claim that the
grid control parameter ζgrid affords control of the velocity correlation shape.
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Fig. 8 The shape of the velocity correlation, ζflow, is computed for various winglet forcing
protocols and plotted against the shape of the winglet correlation, ζgrid. The magenta, blue,
and green data correspond to the velocity correlation data of the same color in Fig. 7. The
black data represent additional shapes and sizes of winglet correlations not shown in Fig. 7.
These data further support the conclusion that ζgrid is an experimental knob for controlling
the velocity correlation function shape, ζflow. The size of the data represent the integral length
scale. The smallest symbol corresponds to an integral scale of L/M = 1.2 and the largest
symbol corresponds to an integral length scale of L/M = 34.
The fact that symbols of similar size are scattered uniformly demonstrates that the active grid
is capable of controlling correlation-function shape independent of correlation-function size. A
power law is drawn for reference as a dotted line. The squares represent data generated from
10-minute time series, and circles represent data from 60-minute time series. Longer samples
are needed to increase the convergence in the square data.
As a brief summary, Fig. 6 illustrates that the experimenters can change the
size of velocity correlations by varying the size of correlations on the grid, lgrid.
Fig. 7 and Fig. 8 establish that the experimenters can control the shape of the
velocity correlations independent of the size of the correlations.
The results of these correlation-function experiments demonstrate that the ac-
tive grid is able to change the structure of turbulence, particularly with regard to
structure persistence and correlations at different scales, through the use of dif-
ferent types of grid-motion correlation functions. The ability to easily manipulate
characteristics of structures in turbulent flow allows our active grid to more fully
explore the the parameter space of various shapes and sizes of turbulent structures.
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3.4 Discussion of correlation shape control
Note that spatial and temporal correlations are inherent to the construction of the
grid. The algorithms we introduce add a degree of control over the extent of the
correlations that are already present.
A classical grid generates turbulence by shedding vortices from its constituent
bars. The axes of these vortices are initially approximately aligned with the grid
bars themselves. The vortices are carried downstream and interact with each other
in a such a way that nearly uniform turbulence results some tens of grid spacings
downstream of the grid (Comte-Bellot and Corrsin, 1971). During the interaction
of the vortices, the orientation of the grid is forgotten, but the grid spacing is
imprinted in the correlation length of the flow.
It is instructive to think that the active grid mixes the fluid in two ways. First,
the winglets shed vortices from their upstream tips. The axes of these vortices are
aligned with the mean flow direction. The vortices interact in a similar way as for
the passive grid, and probably also yield a correlation length of the order of the
winglet size. Second, as the winglets move to positions perpendicular to the flow,
they block parts of the cross section of the tunnel. The evolving blockage of the
cross section causes the flow to divert in different ways around the grid – it is an
obstacle of varying shape and size. If the motion of the winglets are coordinated
in some way, correlated motions in the flow can be generated on scales larger than
the individual winglets – probably on the scale of the correlation length in the
winglet positions.
3.5 Isotropy
We hypothesized that changing the relative sizes of the spatial and temporal ker-
nels used on the grid would correspond to similar changes in the isotropy of the
generated flows. The isotropies of flows produced by kernels with different ratios
of correlation lengths were analyzed using cross-wire probes at a series of locations
along the length of the tunnel. Two grid correlations were used: one with matched
streamwise and normal grid-correlation lengths, and one with a ratio of streamwise
to normal correlation lengths of 1 to 12.5. This ratio is referred to as the anisotropy
of the grid forcing, Igrid. Ten minutes of velocity data were collected at each tun-
nel location. At these locations, the kernel with equal streamwise and normal grid
correlation lengths yielded u′/v′ ≈ 1, while the stretched kernel produced flows
with u′/v′ > 1.
The data are shown in Fig. 9. Because of the relatively small amount of data
taken at each tunnel location, the errors in these measurements are significant,
but the differences in u′/v′ observed still exceed the limits of these errors. Vertical
error bars represent the standard error associated with sampling a known number
of correlation lengths of data with known variance. Horizontal error bars are the
result of averaging across a number of measurement positions to decrease the ver-
tical error bars. The convergence of both of these data toward u′/v′ = 1 at large
distances reflects the tendency of decaying turbulence to move toward isotropy.
Though not enough data were taken to extract clearly defined trends between
kernel correlation lengths and flow isotropy, the initial experiments presented here
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Fig. 9 The isotropy of the flow along the tunnel was measured for two types of correla-
tions. When the grid correlations were specified to be isotropic, the resulting flows were
nearly isotropic as well. Conversely, highly anisotropic grid correlation protocols generated
more anisotropic turbulent structures. The dotted line indicates the streamwise location at
which the data for Fig. 5-8 were collected.
demonstrate that the active grid allows the isotropy of the grid’s turbulent struc-
tures to be altered in a systematic manner by manipulating the correlation lengths
in the streamwise and transverse dimensions. This is consistent with the findings
in Bewley et al (2012) and Carter and Coletti (2017).
3.6 Decay of turbulent kinetic energy
An analysis of the decay behaviors of different kinds of turbulent structures using
the grid’s correlation kernel capabilities was a logical extension of the findings
established thus far. Changes in the velocity correlation function imply changes
in structure persistence in time, which intuitively should correspond to changes
in turbulence decay rates. Preliminary tests of three representative kernels were
carried out in order to investigate the effects of kernel shape on the normalized
energy of turbulent fluctuations, u′
2
/U2.
Energy decay data is reported at 10 logarithmically spaced locations along
the test section between 14 and 74 winglet-lengths downstream of the grid. Three
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Fig. 10 Three different grid correlation protocols, distinguished by different ζgrid, were se-
lected for energy decay tests. The energy of the velocity fluctuations was recorded at ten points
along the tunnel. The energy decay profiles of the three grid correlation protocols had a similar
shape despite the large differences in velocity correlation functions shown in Fig. 7. The inset
figure shows that the virtual origins (x0) returned by the two-parameter power-law fits are
linear with lgrid. This suggests that the active grid may have a direct influence on the virtual
origin of the power-law decay profiles. More data are needed to make this observation more
specific.
winglet correlation protocols (with ζ values similar to those shown Fig. 4) are
considered. At each location, 80 minutes of data were taken for the long-tail corre-
lation (ζgrid = 2.3), 90 minutes for the top-hat (ζgrid = 1), and 160 minutes for the
anisotropic long-tail (ζgrid = 25). The varying time intervals of data collection were
necessary to achieve the same standard error for the datasets with longer stream-
wise correlation lengths. When a three-parameter power-law fit is considered, the
95% confidence intervals of the decay exponents overlapped, so that any difference
in decay rate is not statistically significant. Therefore, a two-parameter power-law
fit is considered. In Comte-Bellot and Corrsin (1971), the turbulent kinetic en-
ergy is observed to decay according to the exponent 1.25. Similarly, Sinhuber et al
(2017) reports a decay exponent of 1.2. As the present apparatus has an octago-
nal test section identical to that of the latter reference, a decay exponent of 1.2
is considered. A two-parameter power-law fit is applied to the data to compute a
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virtual origin and scaling factor. The resulting fits are shown in Fig. 10. In the cor-
responding inset, it is shown that the virtual origins of the fits vary linearly with
the winglet parameter lgrid. This suggests that the experimenters can precisely
control the decay virtual origin by varying the correlation length of the winglet
forcing protocol. Furthermore, no claim is made about the physical meaning of
this virtual origin. Mathematically, the virtual origin of a two-parameter fit is the
distance from the grid at which the kinetic energy best exhibits the assumed decay
exponent (-1.2). Experimentally, the control knob lgrid may be varying either the
underlying power law or the virtual origin. Either way, this active grid does appear
to have some ability to affect the decay of kinetic energy behind the grid. More
data are needed to support this conclusion.
4 Conclusion
Because of its high number of independently controllable degrees of freedom, the
new active grid that we present in this paper affords unprecedented control over
the characteristics of turbulence. The length scales of the large-scale structures in
the flow are directly affected by the correlation lengths of the correlations in the
motions of the grid. The grid’s control over the magnitude of turbulent velocity
fluctuations means that the turbulence Reynolds number is manipulated simply
by changing the motion of the grid. Independent control of turbulence intensity
and length scale affords independent control of Reynolds number and length scale.
Finally, the grid exhibits the capacity to modify not only the correlation length
scales of the turbulent flow but also the shape of the velocity correlation functions.
Early results indicate the ability of the apparatus to control the anisotropy of the
turbulence and the energy decay behavior but these results are more preliminary
than those aforementioned.
Our initial experimental results demonstrate the potential of this novel type of
active grid to produce a large parameter space of flows from a single apparatus.
Access to such a large parameter space enables an experimenter to match a wide
range of turbulent conditions, such as those characteristic of boundary layers, jets,
or atmospheric phenomena.
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